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Protein Kinase C Does not Mediate the 
Dopamine-dependent Modulation of Glutamate 
Receptors in Retinal Horizontal Cells of the Perch 
(Perca fluviatilis) 
K.-F. SCHMIDT* 
The whole-cell patch-clamp technique was employed to record membrane currents from cultured 
horizontal cells of the perch (Perca fluviatilis). The cells were voltage clamped and slowly 
superfused with an extracellular solution containing L-glutamate. The glutamate concentration in 
the bath was continuously measured with the help of a photodiode and a dye which accumulated in 
the bath together with the agonist. The PKA.activator forskolin mimicked the effect of dopamine 
and enhanced glutamate-induced currents, while application of the PKC stimulator PMA or the 
synthetic diacylglycerol analogue OAG had no significant effects on the dose--response curves of 
glutamate induced-currents. These results may indicate that the modulation of glutamate receptors 
in fish horizonta~ cells is not mediated via a PKC-dependent pathway. Copyright © 1996 Elsevier 
Science Ltd 
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INTRODUCTION 
In cone-driven horizontal cells of the fish retina 
dopamine acts as neuromodulator via Dl-reeeptors and 
G-protein-dependent intracellular pathways [for refer- 
ence see Dowling (1991)]. Application of dopamine 
causes several effects in fish horizontal cells. These 
include a decrease in conductance of gap junctions 
between horizontal cells (Mangel & Dowling, 1985; 
Lasater & Dowling, 1985; McMahon et al., 1989), the 
formation of spinules (Weiler et aL, 1988a) and an 
increase of glutamate-induced urrents (Knapp & Dowl- 
ing, 1987; Knapp et aL, 1990). The increase in glutamate- 
induced current is mainly due to a reduction in 
desensitization f glutamate r ceptors (Kruse & Schmidt, 
1993; Schmidt et al., 199'4). The effects of dopamine on 
gap junctions and on enhancement of glutamate-induced 
currents are mediated via a cAMP/protein kinase A 
(PKA)-dependent intracellular pathway (Lasater, 1987; 
Knapp & Dowling, 1987; Liman et al., 1989). The 
dopamine-dependent formation of spinules and neurite 
retraction is mediated by protein kinase C (PKC) rather 
then by PKA (Weiler et al., 1988b; Rodrigues & 
Dowling, 1990). We have therefore tested if stimulation 
of PKC in horizontal cells, of the perch is also sufficient to 
enhance the sensitivity of the glutamate receptors. 
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METHODS 
Cell preparation 
Horizontal cells were obtained from perches (Perca 
fluviatilis) kept in darkness for at least 12 hr. After 
decapitation, eyes were enucleated and hemisected. The 
retinas were isolated under infrared illumination, treated 
with papain, washed and dissociated as previously 
described (Kruse & Schmidt, 1993). Horizontal cells 
were cultured in L-15 medium (GIBCO ®) at a tempera- 
ture of 10-15°C. In this study we used cone-driven 
horizontal cells of the type 2 and 3 resembling horizontal 
cells of other teleost species in size and shape (Kaneko, 
1970; Dowling et al., 1985). 
Measurement of concentration-response curves 
Electrodes were produced as described by Hamill et al. 
(1981), and filled with the following medium: 72 mM 
potassium gluconate, 48 mM KF, 4 mM KCI, 1 mM 
CaCI2, 11 mM EGTA, 10 mM HEPES, pH 7.5 and 1 mM 
ATP. Signals were amplified with an EPC-7 system 
(List ®) and stored on a video tape. Cells were clamped at 
- 50 mV and superfused with the following extracellular 
solution: 145 mM NaCI, 2.5 mM KC1, 2.5 mM CaCI2, 
1 mM MgSO4, 10 mM glucose and 20 mM NaHCO3, 
equilibrated with carboxygen (95% 02, 5% CO2). 
Dopamine, forskolin, OAG (1-oleyl-2-acetyl-sn-glycer- 
ol) and PMA (phorbol-12-myristate 13-acetate) were 
added to the standard medium. The agonist L-glutamate 
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FIGURE 1. Extinction-related voltage from the photodiode (A) and glutamate-induced membrane currents from a cone-driven 
horizontal cell clamped at - 50 mV before (B) and after application fforskolin (C). In this example the downward voltage shift 
of the upper trace represents anincrease of the glutamate concentration from 0 to 1000/tM. The relation between the extinction- 
related voltage (A) and the concentration of dye/agonist  not linear, but could be read from a calibration curve. All traces are on 
the same time scale. Traces (A) and (B) were recorded together, while for trace (C) a trace similar to (A) is not shown. The result 
presented here confirms that dopamine enhances glutamate-induced urrents via a cAMP-dependent pathway as described 
earlier (Knapp & Dowling, 1987). 
was applied together with the inert dye Fast Green. A 
filter with an absorbance spectrum adjusted to the dye 
was put into the light beam of the microscope lamp. 
During agonist application the accumulating concentra- 
tion of L-glutamate activated the membrane currents and 
the parallel accumulating concentration of dye reduced 
the intensity of the light falling into the objective. This 
light intensity was measured by a photodiode in an area 
directly surrounding the cell under study. The relation of 
dye concentration a d photodiode voltage was read from 
a calibration curve, so a continuous measurement of 
membrane current in relation to a given dye/agonist 
concentration was possible (Fig. 1). The membrane 
current was not affected by the dye. 
RESULTS 
Cultured horizontal cells were voltage clamped at 
-50  mV and slowly superfused with an extracellular 
solution containing L-glutamate. The concentration 
dependence of membrane currents recorded from hor- 
izontal cells under control conditions exhibits a char- 
acteristic pattern: a sigmoid-like increase of current with 
increasing glutamate concentration is followed by a 
decrease of current at higher agonist concentrations [Fig. 
I(B)]. This complex pattern is due to an equilibrium 
between activation and desensitization of ion channel 
receptors by L-glutamate. As described earlier (Kruse & 
Schmidt, 1993; Schmidt et aL, 1994) L-glutamate not 
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FIGURE 2. Concentration-response curves of horizontal cells membrane currents induced by L-glutamate (0-1000/~M) before 
(open symbols) and after (filled symbols) incubation with the neuromodulator dopamine (200 pM) (A), with the PKA-activator 
forskolin (50 FtM) (B), with the diacylglycerol-analogue OAG (50 #M) (C) and with the PKC-activator PMA (2 nM) (D). In this 
figure the points in each diagram represent measurements from a single experiment, where the concentration of agonist was 
slowly raised over time and the cells were clamped at - 50 mV. Nine different cells were treated with dopamine and five 
different cells were treated with each enzyme activator. The results with a specific drug were similar in each case. The results in 
(A) and (B) are shown for comparison and confirm earlier findings. 
only activates the ion channels, but also causes a fast 
desensitization which is not observed when kainate is 
used as the agonist. Under conditions of equilibrium 
between glutamate and the receptor a certain fraction of 
channels is activated and another fraction is desensitized 
at a given agonist concentration. The ECs0-value for the 
desensitization is higher than the ECs0-value for the 
activation of channels. Therefore activation of receptors 
predominates at lower glutamate concentrations while 
desensitization prevails at higher concentrations, and the 
complex pattern of the dose-response r lation emerges. 
For the analysis of our data we have used the 
concentration-response relationship: 
I =/max"  ~.]n/(~]n + EC~50) (1) 
In this equation I is the membrane current at a given 
agonist concentration JAil, Im.x is the maximum current 
activated by the agonist under study, EC5o is the half- 
maximum saturation concentration and n is the Hill- 
coefficient for the activation of the current. For cells 
under control conditions only the sigmoid part of the 
concentration-response curve was fitted by Eq. (1). 
As previously described, preincubation with dopamine 
enhanced the maximum currents by a factor of about wo 
(Knapp & Dowling, 1987) and abolished the reduction of 
currents at higher glutamate concentrations [Fig. 2(A)] 
(Kruse & Schmidt, 1993). Maximum currents before and 
after treatment of nine different cells with dopamine 
(200 #M, 5 min) differed significantly (P< 0.05, two 
tailed t-test). Data are given in Table 1. As expected, 
incubation of cone horizontal cells with the protein 
kinase A activator forskolin had similar effects on the 
glutamate-induced whole-cell currents as treatment with 
dopamine [Fig. 1(C) and Fig. 2(B)]. The maximum 
currents were doubled and the complex pattern of the 
concentration-response relation was replaced by a simple 
sigmoid pattern. In five cells, the maximum currents 
induced by L-glutamate before and after treatment with 
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TABLE 1. Maximum of glutamate induced whole cell currents before 
and after application of enzyme activators (number of tested cells in 
parentheses) 
Before After 
Dopamine (9) 212 + 23 pA 481 + 34 pA 
Forskolin (5) 187 + 33 pA 453 + 45 pA 
PMA (5) 165 + 42 pA 174 + 50 pA 
OAG (5) 198 _+ 32 pA 202 +_ 44 pA 
forskolin (50 #M, 5 min) were significantly different 
(Table 1). 
Unlike forskolin, incubation with either the diacylgly- 
cerol analogue OAG (50 ~M, 5 min) or with the protein 
kinase C activator PMA (2 nM, 5 min) had no significant 
effects on the glutamate-induced whole-cell currents of 
cone horizontal cells. The complex pattern of the 
concentration response relation was present before and 
after treatment with these substances and the maximum 
currents were not enhanced [Fig. 2(C and D)]. Maximum 
currents before and after treatment of five cells with OAG 
and of five cells with PMA are given in Table 1. 
DISCUSSION 
The PKA-activator forskolin mimicked the effect of 
dopamine by enhancing lutamate-induced currents. This 
result confirms previous reports that the enhancement of 
glutamate-gated currents is mediated by a PKA-depen- 
dent phosphorylation of glutamate receptors. Dopamine 
has been shown to activate dopamine Dl-receptors and 
stimulate a G-protein dependent guanylate cyclase in 
retinal horizontal cells of the fish (Van Buskirk & 
Dowling, 1981; Frail et aL, 1993). Application of 
dopamine and of cAMP-analogues are known to enhance 
the sensitivity and open probability of glutamate 
receptors (Knapp & Dowling, 1987; Knapp et al., 
1990), and the internal dialysis with the catalytic subunit 
of protein kinase A has similar effects (Liman et al., 
1989). 
Application of the PKC stimulator PMA and of the 
synthetic diacylglycerol analogue OAG had no signifi- 
cant effects on the dose-response-curves of glutamate 
induced currents. These results may indicate that a PKC- 
dependent pathway is not involved in this type of 
neuromodulation i  cone horizontal cells. These results 
are in contrast to observations regarding other types of 
neuromodulation i  retinal horizontal cells, like spinule 
retraction and closing of gap junction channels (Green- 
street & Djamgoz, 1994; Weiler et al., 1988a, b). The 
realization of different independent intracellular path- 
ways for different types of neuromodulatory events offers 
an additional plasticity of cell behaviour in different 
situations and histories of light application to the retinal 
network. 
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